Abstract: Fetal alcohol spectrum disorders (FASD) are characterized by impairment in cognitive function that may or may not be accompanied by craniofacial anomalies, microcephaly, and/or growth retardation. Resting-state functional MRI (rs-fMRI), which examines the low-frequency component of the blood oxygen level dependent (BOLD) signal in the absence of an explicit task, provides an efficient and powerful mechanism for studying functional brain networks even in low-functioning and young subjects. Studies using independent component analysis (ICA) have identified a set of resting-state networks (RSNs) that have been linked to distinct domains of cognitive and perceptual function, which are believed to reflect the intrinsic functional architecture of the brain. This study is the first to examine resting-state functional connectivity within these RSNs in FASD. Rs-fMRI scans were performed on 38 children with FASD (19 with either full fetal alcohol syndrome (FAS) or partial FAS (PFAS), 19 nonsyndromal heavily exposed (HE)), and 19 controls, mean age 11.3 6 0.9 years, from the Cape Town Longitudinal Cohort. Nine restingstate networks were generated by ICA. Voxelwise group comparison between a combined FAS/PFAS group and controls revealed localized dose-dependent functional connectivity reductions in five regions in separate networks: anterior default mode, salience, ventral and dorsal attention, and R executive control. The former three also showed lower connectivity in the HE group. Gray matter connectivity deficits in four of the five networks appear to be related to deficits in white matter tracts that provide intra-RSN connections. Hum Brain Mapp 38:5217-5233, 2017.
INTRODUCTION
Prenatal alcohol exposure (PAE) is associated with a wide range of life-long cognitive and behavioral impairments, including lower IQ, poorer attention, executive functioning, and learning and memory, slower processing speed, and poorer adaptive functioning and social skills [Coles et al., 1997; Dodge et al., 2014; Jacobson et al., 2004 Jacobson et al., , 2008 Kalberg et al., 2006; Mattson et al., 2011; Streissguth et al., 1994] . Fetal alcohol syndrome (FAS), the most severe of the fetal alcohol spectrum disorders (FASD), is characterized by small head circumference, growth retardation and distinctive facial features, including short palpebral fissures, an indistinct (i.e., flat or smooth) philtrum, and a thin vermillion [Hoyme et al., 2005] . Partial FAS (PFAS) is diagnosed when there is evidence of maternal alcohol consumption during pregnancy, and the child exhibits alcohol-related facial anomalies and at least one of the following-small head circumference, growth retardation, or neurobehavioral deficits. Exposed individuals who lack the characteristic facial dysmorphology but exhibit neurobehavioral deficits are diagnosed with alcohol-related neurodevelopmental disorder (ARND).
Resting-state functional MRI (rs-fMRI) has been widely used to study functionally connected regions of the brain while a subject is not performing any explicit task. The method, first proposed by Biswal et al. [1995] , focuses on spontaneous low frequency fluctuations (LFFs, <0.1 Hz) in the measured blood oxygen level dependent (BOLD) signal. Given the variability in motivation to perform cognitive tasks in the scanner and high rate of task-induced motion in children, the task-free nature of rs-fMRI makes it an ideal tool for studying pediatric populations Supekar et al., 2009] . Resting-state functional connectivity (RSFC) is used to identify and quantify resting-state networks (RSNs). About 15-20 RSNs have been identified with reliability, reproducibility, and consistency across subjects [e.g., Beckmann et al., 2005; Smith et al., 2009] , stages of cognitive development [Fair et al., 2007; Fransson et al., 2007] , degree of consciousness [Boly et al., 2008; Greicius et al., 2008] , and even across species [Vincent et al., 2007] . The RSNs have been associated with a range of neurobehavioral functions, including visual, somatosensory, attention [Rosazza and Minati, 2011] and executive function [Seeley et al., 2007] . The default mode network (DMN) is active when the subject is not focused on the external environment and, in contrast to other networks, shows suspended instead of increased activity during goal-directed tasks [Bonnelle et al., 2011; Buckner et al., 2008; Raichle et al., 2001] . Rs-fMRI facilitates examination of the intrinsic functional architecture of the brain at its highest organizational level across these large-scale networks.
Several methods are available for identifying the extent of RSNs and for quantifying RSFC. At the network level, various mathematical methods have been applied, including independent component analysis (ICA) [Beckmann et al., 2005; Damoiseaux et al, 2006] and seed-based analysis [Biswal et al., 1995] . ICA, used here, decomposes a data matrix into distinct spatial maps, that is, (statistically) independent components (ICs), each with an associated time series. ICs can then be thresholded for high connectivity values to define the boundaries of the networks.
Several voxelwise parameters have been developed for quantifying local RSFC properties. Regional homogeneity (ReHo) measures the similarity or synchronization between the time series of a given voxel and its nearest neighbors [Zang et al., 2004] . Amplitude of low-frequency fluctuation (ALFF) evaluates the strength or intensity of LFFs [Zang et al., 2007] , and fractional ALFF (fALFF) represents the relative contribution of the LFF band to the whole observed frequency range [Zou et al., 2008] .
Rs-fMRI has previously been applied in only a few PAE studies. Wozniak et al. [2011] observed decreased interhemispheric functional connectivity in children (age 10-17 yr) with FASD, comparing average time series correlation in specific regions of interest (ROIs) connected by the corpus callosum. Later, in a whole brain study using graph theory, they reported decreased global efficiency and increased path length in children with FASD [Wozniak et al., 2013] . Santhanam et al. [2011] compared prenatally exposed young adults with and without facial dysmorphology to communitymatched controls using seed-based analysis and reported reduced RSFC in the DMN. This is the first study of FASD to use ICA to characterize the full range of RSNs, to examine the effects of PAE on their connectivity and extent, and to use prospectively ascertained continuous measures of prenatal alcohol exposure. We first describe the implementation of ICA and dual regression to determine functional networks and connectivity in a data-driven manner. These networks are then used to compare alcohol-exposed children with different diagnoses (a combined FAS and PFAS group and a nonsyndromal heavily exposed (HE) group) to community-matched controls. Additionally, we examine the relation of RSFC measures in regions showing group differences with the extent r Fan et al. r r 5218 r of alcohol exposure, obtained from detailed drinking histories of the subjects' mothers who had been recruited during pregnancy as part of the Cape Town Longitudinal Study [Jacobson et al., 2008] . Finally, in previous diffusion tensor imaging (DTI) analyses of children from the Cape Town Longitudinal Cohort, we have found fetal alcohol-related deficits in both cerebellar [Fan et al., 2015] and cerebral [Fan et al., 2016] white matter (WM). By combining the previous DTI results with data from this study, we examine the degree to which the observed functional connectivity deficits are associated with microstructural deficits in networkrelated WM.
MATERIALS AND METHODS

Participants
Pregnant women were recruited for the Cape Town Longitudinal Cohort Study from the Cape Coloured (mixed ancestry) community in Cape Town, South Africa [Jacobson et al., 2008] . Women were at least 18 years of age and without diabetes, epilepsy, or cardiac problems requiring treatment. Incidence and amount of drinking on a day-by-day basis during a typical 2-week period both at time of conception and at time of recruitment were determined using a timeline follow-back interview [Jacobson et al., 2002] . This interview was repeated in mid-pregnancy and again at 1 month postpartum to provide information about drinking during the latter part of pregnancy. Volume was recorded for each type of beverage consumed each day, converted to ounces (oz) absolute alcohol (AA), and summarized using three measures: oz AA consumed per day (AA/day), oz AA consumed per occasion, and number of drinking days per week. Any woman reporting at least 14 drinks per week (1.0 oz AA/day) or two incidents of binge drinking (5 drinks) per month during the first trimester of pregnancy was invited to participate in the study. Women who abstained from drinking or drank only minimally during pregnancy were recruited as controls. Smoking during pregnancy was reported in terms of cigarettes smoked per day; drug use, days used per week. The mother's age at delivery and years of education were also recorded. Each child was examined for growth and FAS dysmorphology by two dysmorphologists (HE Hoyme, MD, LK Robinson, MD) using the Revised Institute of Medicine (IOM) criteria [Hoyme et al., 2005] at an FAS diagnostic clinic held in 2005 [Jacobson et al., 2008] ; one child, who could not attend the clinic was later examined at our UCT laboratory by a third dysmorphologist (N Khaole, MD) using the same criteria. There was substantial inter-examiner agreement on the assessment of the principal fetal alcohol-related dysmorphic features among the three expert FAS dysmorphologists. Following a case conference, each of the alcohol-exposed children was assigned to one of three diagnostic groups: FAS, PFAS, or heavily exposed (HE) nonsyndromal. The sample comprised 10 children with FAS, 9 with PFAS, 19 HE, and 19 controls (Ctls).
Retrospective alcohol consumption data were obtained at 5 years postpartum for 4 of 5 subjects for whom maternal alcohol consumption data during pregnancy were missing. Based on the moderate-to-strong agreement between maternal reports obtained contemporaneously during pregnancy and 5-year retrospective reports (r 5 0.60, P < 0.0001), multiple regression was used to estimate the drinking levels these four mothers would have reported during pregnancy, adjusting for the general tendency of mothers to report higher levels of drinking retrospectively than contemporaneously [Jacobson et al., 2002] . The fifth child met the Revised IOM [Hoyme et al., 2005] 
Procedures
Rs-fMRI data were acquired in 57 right-handed children (mean age at scan 6 sd: 11.3 6 0.9 yr). Handedness was assessed on the Edinburgh Behavioral Handedness Inventory (EHI) [Oldfield, 1971] , which examines hand preference across a number of domains, such as writing, eating and sports [Annett, 1970] ); there were no between-group differences in degree of right-handedness (F(2,54) <0.26, P 5 0.769). IQ scores for these children were obtained on the Wechsler Intelligence Scale for Children-IV (WISC-IV) at age 10.2 6 0.8 years during a separate assessment visit; postnatal lead exposure levels were ascertained from blood samples obtained from these children at age 5.1 6 0.2 years.
Scanning Protocol
The children were scanned using a 3 T Allegra MRI (Siemens, Erlangen, Germany) located at the Cape Universities Brain Imaging Centre (CUBIC). Rs-fMRI data were acquired using an echo planar imaging (EPI) sequence (resolution 5 3.1 3 3.1 3 3.0 mm 3 , FOV 5 200 3 200 3 152 mm 3 , 34 slices, 180 volumes, TR 5 2000 ms, TE 5 30 ms, flip angle 908). T1-weighted structural images were acquired in the sagittal orientation using a 3D EPI-navigated multiecho magnetization prepared rapid gradient echo (MPRAGE) sequence (resolution 5 1.3 3 1.3 3 1.0 mm [Tisdall et al., 2009; van der Kouwe et al., 2008] . 
Preprocessing and Statistical Analysis
A schematic diagram of the processing and analysis steps is provided in Figure 1 . First, all rs-fMRI data were preprocessed using a pipeline of standard procedures, which were constructed and implemented using afni_proc.py (Appendix 1) in AFNI [Cox, 1996] . The first 4 volumes were discarded to allow for signal stabilization. Remaining time points were despiked and motion corrected by rigid body volume registration. For each subject, the maximum translation in any direction was below 0.9 mm and the maximum rotation in any direction was below 1.08. Both linear and nonlinear co-registrations were applied to align each EPI set first to the subject's anatomical T1-weighted structural image and then to the 3 3 3 3 3 mm 3 Talairach-Tournoux (TT) standard space. Each volume was spatially blurred at a full width at half maximum (FWHM) of 6.0 mm. WM and cerebrospinal fluid (CSF) signals were regressed out, as well as motion estimates, and time series were band-pass filtered between 0.01 and 0.1 Hz to reduce physiological contributions of respiratory and cardiovascular components. In the final preprocessing stage, the RSFC parameters-fALFF and ReHo-were calculated for each subject using FATCAT [Taylor and Saad, 2013] .
Group ICA was performed using MELODIC in FSL to estimate resting-state network (RSN) maps. Twenty independent components (ICs) were generated, based on standard dimensionality reduction used in rs-fMRI studies of similar group size . From these ICs, nine standard RSNs were identified by comparison with a standard set of 20 RSNs that had been calculated as part [Biswal et al., 2010] . The remaining ICs, which largely represented noise, alignment features, non-gray-matter tissue, and physiological signals, were not utilized in further analyses. The spatial extent of each network was defined by thresholding each group IC at a z-score > 2.3 and creating a binary mask . Dual regression ] was performed to backproject the group ICs onto individual subject resting data, producing single subject connectivity maps for each RSN. The magnitude of the signal in each voxel in these connectivity maps reflect parameter estimates (PE), which are the non-normalized betas from the GLMs in the second step of dual regression and provide a measure of the variance in the signal that is explained by a particular IC. Single-subject connectivity maps were masked using the binary masks created from the group ICA.
For each network, the masked single-subject parameter estimate (PE) maps were entered into FSL-randomize for voxelwise modeling with GLMs to determine voxels with significant connectivity differences between each of the two FASD groups (FAS/PFAS and HE) and the Ctl group. AFNI's 3dFWHMx and 3dClustSim (v17.0.17) were used to calculate the minimum volume of clusters within each network mask for significance at voxelwise P 5 0.001 and alpha 5 0.05 using the new "mixed ACF" (autocorrelation function) methodology to account for non-Gaussianity in the spatial noise distribution [Cox et al., 2017] . Appendix 2 provides the cluster size thresholds for each network.
We also investigated whether the inclusion of control variables in the voxelwise group comparisons altered the cluster results. The following control variables were examined: child sex, age at scan, postnatal lead exposure, and total gray matter (GM) volume, as well as maternal age at delivery, years of education, and cigarettes smoked per day during pregnancy. Missing demographic data were estimated as the median for the group (as noted in Table  I ). Given the sensitivity of rs-fMRI data to head motion, the maximum translation in any direction was also added as a control variable. Each of the eight control variables was included separately in the randomise model.
To investigate dose dependence in the clusters showing group differences in connectivity, we extracted mean RSFC parameters (PE, fALFF, and ReHo) in each cluster and examined associations with alcohol exposure averaged across pregnancy, AA/day. Any of the eight control variables specified above that was weakly associated (P < 0.1) with mean PE, fALFF, or ReHo in a cluster was considered a potential confounder of the association of alcohol with that parameter and included in a separate linear regression of the relation between AA/day and the parameter in that cluster. The statistical analyses were performed using SPSS (version 22). Analyses were rerun omitting the five children whose mothers admitted using cocaine, marijuana, or methaqualone to determine if the effects were altered.
Finally, we wanted to examine the extent to which functional connectivity differences between the alcohol-exposed and Ctl groups observed here may be attributable to structural connectivity differences reported previously in cerebellar and whole brain DTI studies in children from the same cohort [Fan et al., 2015 [Fan et al., , 2016 . Full details regarding processing and analysis for these DTI studies are provided in the articles reporting those findings. Briefly, the acquired diffusion weighted images were first visually inspected to remove volumes with signal dropout. The data were then preprocessed with motion and susceptibility correction [Anderson et al., 2003] prior to tensor and parameter estimation. A groupwise WM map was created from the union of individual subject WM masks, generated from subject fractional anisotropy (FA) maps by thresholding at FA > 0.2. Voxelwise two sample (unpaired) t tests were performed using permutation tests (with FSL-randomise) to identify regions within the groupwise WM mask showing FA and mean diffusivity (MD) differences between alcohol exposed and control children. These studies identified a total of 9 clusters showing alcohol-related increases in MD: L and R inferior longitudinal fasciculus (L-ILF and R-ILF), splenium and isthmus of the corpus callosum (SCC and ICC), R superior longitudinal fasciculus (R-SLF), L and R corticospinal tract (L-CST and R-CST), and L middle and R inferior peduncle. Although these studies also identified regions showing FA reductions, these were located primarily in the same regions showing MD increases; only the latter were, therefore, used to examine whether connectivity differences may be attributable to deficits in WM tracts involved in intra-RSN connections. Of the children in this study, 20 (6 Ctl, 6 FAS, 5 PFAS, and 3 HE) were part of the cerebellar DTI study [Fan et al., 2015] , and 21 (6 Ctl, 4 FAS, 7 PFAS, and 4 HE) of the whole-brain DTI study [Fan et al., 2016] . We identified alcohol-affected tracts that connect regions within networks showing functional connectivity reductions by overlaying clusters showing alcohol-related MD increases and connectivity reductions on the MNI152 template space, together with relevant WM tracts and rs-fMRI networks. WM tracts were manually drawn using an FA-skeleton template (FMRIU58_FA-skeleton) in FSL.
RESULTS
Sample Characteristics
Demographic background information is summarized in Table I . There were no significant between-group differences in sex, age at scanning, motion during the scan, lead exposure, maternal age, or cigarette smoking during pregnancy. The children with FAS/PFAS had lower IQ scores and total WM volumes than the children in both the HE and control groups (Ps < 0.05). In contrast, total GM and cortical GM volumes of the children in the FAS/PFAS group were lower only compared to HE children (P < 0.05). As per the study design, maternal alcohol consumption was higher in the FAS/PFAS and HE groups. All mothers in the Ctl group reported abstaining from alcohol during pregnancy, except for one who reported drinking 1 drink on four occasions. One mother of a child with FAS used methaqualone during pregnancy; mothers of two children with PFAS used either marijuana or methaqualone; and mothers of two HE children used both marijuana and methaqualone.
Resting-State Networks Generated by the ICA Figure 2 shows the nine resting-state networks generated by the ICA, arranged by decreasing degree of variance explained in the initial principal component analysis (PCA). The first five networks generated by the PCA were salience, visual, posterior and anterior DMN, and somatosensory. In addition, four networks relating to cognition and attention were generated-right (R) executive control, dorsal attention, left (L) executive control, and ventral attention. As often seen in children, connectivity within the DMN was not fully integrated [de Bie et al., 2012] and two distinct regions were evident-the anterior region, which includes the ventral medial frontal cortex and is activated during mentalizing or reflecting on mental states of others, perception and judgments of other people, selfknowledge, and self-referential processing, and the posterior region, which includes the posterior cingulate and precuneus and is associated with episodic memory retrieval and visuo-spatial imagery [Uddin et al., 2009] .
Resting-State Functional Connectivity Group Comparisons
Voxelwise group comparisons of the PE maps revealed significant reductions (P < 0.001) in connectivity in the children with FAS/PFAS compared to the Ctls in five localized regions within separate networks (Fig. 3) . These clusters were located within the R postcentral gyrus in the anterior DMN, the R middle frontal gyrus in the salience network, the R precentral gyrus in the ventral attention network, the L precentral gyrus in the dorsal attention network, and L crus II in the R executive control network. The peak coordinates and sizes of these clusters are given in Table II , as well as the group means of the average PE, .1) 5.4 (3.7) 3.8 (9.9) 0.91 † P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001. Values are mean (SD). FAS/PFAS 5 combined group of full fetal alcohol syndrome (FAS) or partial FAS (PFAS). HE 5 nonsyndromal heavily exposed group. WISC-IV 5 Wechsler Intellectual Scale for Children, 4 th Edition. AA 5 absolute alcohol; 1 oz AA 2 standard drinks. a Missing value estimated at group median for 1 child with FAS/PFAS. b One (Ctl) outlier (3 SD beyond the mean) recoded to 1 point lower than the lowest observed nonoutlier group value [Winer et al., 1971] . c One (Ctl) outlier recoded to 1 point higher than the highest observed nonoutlier group value. d One (FAS/PFAS) outlier recoded to 1 point lower than the lowest observed nonoutlier group value. e Maternal alcohol consumption during pregnancy was estimated from retrospective data obtained at 5 years postpartum for 4 of 5 subjects; maternal alcohol consumption for the mother of the fifth child who met diagnostic criteria for full fetal alcohol syndrome (FAS) but denied drinking was estimated at the median of the mothers of the other children with full FAS. f One (Ctl) outlier recoded to 1 point higher than the highest observed nonoutlier group value [Winer et al., 1971] .
r Fan et al. r r 5222 r fALFF and ReHo in each cluster, and relations of the cluster means to extent of PAE (AA/day). Increasing alcohol exposure was associated with reduced PE and fALFF values in the clusters in the default mode, salience, ventral attention, and dorsal attention networks and with reduced ReHo in the clusters in the default mode and salience networks.
When compared with Ctls, the HE group showed lower RSFC in three regions within three networks. Notably, each of these regions overlapped with an FAS/PFASderived cluster within the same network. These clusters were located in the R postcentral gyrus within the anterior DMN, the R middle frontal gyrus within salience, and the R precentral gyrus within ventral attention. Given their overlap with the previously derived clusters, they were not separately investigated further.
None of the voxelwise alcohol-exposed versus Ctl group comparisons differed significantly from the original model when randomise was rerun with each control variable added separately (Appendix 3). Although the sizes of the clusters obtained from the voxelwise analyses varied with the inclusion of individual control variables, the peak coordinates remained the same, all except one cluster in the salience network remained significant, and no new clusters were revealed. Table III presents the correlations of each of the control variables with mean PE, fALFF and ReHo values in the five clusters showing reduced connectivity in children with FAS/PFAS. When the potential confounders were included in linear regression analyses (Table IV) , the associations of all three RSFC parameters with prenatal alcohol exposure remained essentially unchanged in the default mode and salience network clusters, and associations of PE with prenatal alcohol exposure in the clusters in the other networks. In contrast, after control for lead exposure, the association of AA/day with fALFF in the R precentral gyrus cluster in the ventral attention network was no longer significant, but the associations with fALFF and ReHo in the L precentral gyrus cluster within the dorsal attention network became stronger. Effects were essentially unchanged when the analyses were rerun omitting the three children with FAS/PFAS whose mothers admitted using cocaine, marijuana, or methaqualone and the two HE children whose mothers reported using both marijuana and methaqualone.
Alcohol-Affected Tracts Connect Regions
Within Affected Networks Figure 4 shows that four of the regions showing alcoholrelated reductions in functional connectivity are connected to other regions within their respective networks by three of the 9 WM tracts shown previously to be affected by prenatal alcohol exposure [Fan et al., 2015 [Fan et al., , 2016 . The R superior longitudinal fasciculus, in which children with FAS/ PFAS revealed increased mean diffusivity (MD), connects regions with reduced RSFC to other regions in the default mode (Fig. 4a ) and ventral attention (Fig. 4c) networks. The R corticospinal tract in which increased MD was (Fig. 4b) . The region in the L middle cerebellar peduncle revealing higher MD in children with FAS/PFAS is adjacent to the GM cluster showing lower RSFC within the R executive control network (Fig. 4d) .
DISCUSSION
This is the first rs-fMRI study to use group ICA and dual regression to quantitatively assess the effects of prenatal alcohol exposure on multiple RSNs. Voxelwise group comparison showed lower resting-state connectivity in five regions within five networks in children with FAS/PFAS compared to nonexposed or minimally exposed Ctls. The following regions and networks were identified: R postcentral gyrus in anterior DMN, R middle frontal gyrus in salience, R precentral gyrus in ventral attention, L precentral gyrus in dorsal attention, and L crus II in R executive control. HE children also showed lower connectivity in three ROIs, which overlapped with those of the FAS/ PFAS group in the default mode, salience, and ventral attention networks. The smaller number of regions showing reduced connectivity compared to controls in the HE group is consistent with the less severe neurobehavioral impairment in the nonsyndromal HE group.
The reduced connectivity found in the anterior DMN is consistent with the results of a previous fMRI study in which adults with FASD showed less DMN deactivation during a task compared to controls [Santhanam et al., 2011] . Although few FASD investigations have examined rs-fMRI, several studies have reported effects of prenatal alcohol exposure on brain structure and activation during task-based fMRI in the same cortical regions in which lower RSFC was found in this study. Reduced cortical GM thickness has been reported in R postcentral gyrus, R middle frontal gyrus, and R and L precentral gyrus in individuals with FASD between 6 and 30 years of age [Zhou et al., 2011] and in R postcentral gyrus in our Cape Town Longitudinal Cohort [Robertson et al., 2015] . Children and adolescents with FASD were also found to have greater 20.06 † P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001. FAS/PFAS 5 combined group comprising children with full fetal alcohol syndrome (FAS) or partial FAS (PFAS); HE 5 nonsyndromal heavily exposed group; PE 5 parameter estimates; fALFF 5 fractional amplitude of low-frequency fluctuations; ReHo 5 regional homogeneity; AA/day 5 absolute alcohol consumed per day across pregnancy. a A similar cluster (405 mm 3 ; peak coordinates 52.5, 228.5, 38.5) showed lower connectivity in HE than control children. b A similar cluster (891 mm 3 ; peak coordinates 7.5, 1.5, 53.5) showed lower connectivity in HE than control children. c A similar cluster (513 mm 3 ; peak coordinates 40.5, 27.5, 44.5) showed lower connectivity in HE than control children.
BOLD response in the R middle frontal gyrus during a response inhibition (go/no-go) task [Fryer et al., 2007 ]. An fMRI investigation of an overlapping subsample of children from our cohort found less BOLD activation in R crus I in children with FASD during a rhythmic finger tapping task [du Plessis et al., 2014] . The neighboring crus I and crus II regions are both parts of the executive control network [Bernard and Mittal, 2014; Habas et al., 2009] , and deficits in executive function and attention have consistently been reported in FASD [Mattson et al., 2011] . The DMN is activated during rest and deactivated when individuals perform a task [Binder et al., 1999; Raichle et al., 2001; Shulman et al., 1997] . In addition, attentional lapses have been related to failure of DMN deactivation in healthy human subjects [Weissman et al., 2006] and macaque monkeys [Hayden et al., 2009] . Similarly, in their study comparing adults with FASD to Ctls, Santhanam et al. [2011] reported that less DMN deactivation during a task was associated with poorer attentional modulation.
Salience and executive control have been characterized as overlapping but dissociable networks that regulate dynamic changes in other networks [Bonnelle et al., 2011; Seeley et al., 2007] . The dorsal anterior cingulate and orbitofrontal insula are often coactivated with the lateral prefrontal cortex and parietal lobe in tasks involving attention, working memory, and response selection. The same regions are also activated in response to pain, uncertainty, and threats to homeostasis; that is, events and experiences with a high degree of personal salience. The executive control network links the dorsolateral frontal and parietal neocortices, mediating tasks requiring focused attention and working memory, while the salience network is anchored by the dorsal anterior cingulate and orbitofrontal insula, with robust connectivity to subcortical and limbic structures, mediating response to pain, empathy for pain, hunger, pleasurable touch, and social rejection.
The dorsal frontoparietal attention network enables the selection of sensory stimuli based on internal goals or expectations (goal-driven or endogenous attention) and links them to appropriate motor responses [Corbetta et al., 2008] . By contrast, the ventral frontoparietal network detects salient stimuli in the environment (stimulus-driven attention), interrupting dorsal attention to reorient to new objects based on their high sensory salience and/or behavioral relevance.
The five resting-state networks that were altered in the children with prenatal alcohol exposure relate to higher order cognitive control, affective regulation, and attention, whereas networks relating to more perceptually driven visual and somatosensory function do not appear to be affected. It is also of interest that alcohol exposure was associated with reduced functional connectivity in the anterior portion of the DMN, which has been implicated in social perception, judgment, and self-referential processing, rather than the posterior portion, which mediates visuo-spatial imagery and episodic memory [Uddin et al., 2009] . It is noteworthy that the findings of reduced connectivity in the executive control and attention networks are consistent with deficits in cognitive and attentional Values are Pearson rs; † P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001. GM 5 gray matter; PE 5 parameter estimates; fALFF 5 fractional amplitude of low-frequency fluctuations; ReHo 5 regional homogeneity. [Mattson et al., 2011] . The reduced connectivity in the salience and anterior default mode networks is consistent with deficits in social information processing and social problem-solving skills that have frequently been described in FASD by clinicians, teachers, and caregivers [Roebuck et al., 1999] but documented systematically in only a few recent studies [e.g., Greenbaum et al., 2009; McGee et al., 2009] . A recent study with the Cape Town Longitudinal Cohort found that the ability to accurately identify emotional facial expressions is particularly affected in FASD [Kilchenmann et al., 2012 , Lindinger et al., 2016 . Our findings of reduced connectivity in salience and anterior DMN, two major networks that mediate social and affective information processing further underscore the need for additional FASD research in this domain.
In addition to PE, fALFF and ReHo were also used to quantify local RSFC properties. After controlling for potential confounders, increasing prenatal alcohol exposure was associated with reduced fALFF and ReHo in the regions where children with FAS/PFAS had reduced connectivity within the default mode, salience, and dorsal attention networks, indicating reductions both in the relative contribution of low-frequency fluctuations to the BOLD signal and in synchronization between the time series of a given voxel and its nearest neighbors. The associations between altered connectivity and the continuous prenatal alcohol exposure measures suggest dose-dependent impairments in these regions.
Among the control variables examined in this study, the strongest associations with the RSFC parameters were those for postnatal lead exposure with the dorsal and ventral attention networks. For the dorsal network the inclusion of lead in the linear regression model revealed a stronger association between AA/day and both fALFF and ReHo, indicating that the lead exposure tended to suppress or obscure the prenatal alcohol effects. However, for the ventral attention network the association of AA/day and fALFF was no longer significant after the inclusion of lead exposure. Nevertheless, when lead exposure was controlled for in the voxelwise group comparison of RSNs between children with FAS/PFAS and controls, a cluster with the same peak coordinate in the ventral attention network emerged from the analysis, and no new clusters were revealed (Appendix 3a and b), suggesting that the observed reduced connectivity in this region is due to PAE rather than postnatal lead exposure.
We also investigated whether the alterations in restingstate functional connectivity may be attributable to WM deficits in tracts connecting regions within the affected RSNs. Our data suggest that the deficits in GM connectivity within the default mode, ventral attention, salience, Child age 20.06 20.05 † P <0.10, *P < 0.05, **P < 0.01, ***P < 0.001. r is the simple pearson correlation between alcohol exposure and the RSFC parameters; b is the standardized regression coefficient after adjustment for the potential confounding variables. PE 5 parameter estimates; fALFF 5 fractional amplitude of low-frequency fluctuations; ReHo 5 regional homogeneity. AA/day 5 absolute alcohol consumed per day across pregnancy.
r Localized Reductions in Resting-State Functional Connectivity in Children With Prenatal Alcohol Exposure r r 5227 r and R executive control networks could be related to WM deficits in the R superior longitudinal fasciculus, R corticospinal tract and L middle cerebellar peduncle, which provide intra-RSN connections. The default mode, ventral attention, and salience networks showed dosedependent effects, while the R executive control network did not. By contrast, increases in MD were not dose dependent in the WM tracts posited to be associated with reduced connectivity in the default mode, ventral attention, and salience networks, namely, the R superior longitudinal fasciculus and R corticospinal tract [Fan et al., 2016] , but were dose dependent in the L middle peduncle [Fan et al., 2015] , indicating that the interaction between WM alterations and functional connectivity is complex. A tractography-based approach using GM regions with reduced connectivity as seeds could reveal fetal alcoholrelated microstructural deficits in specific WM tracts connecting affected regions on a subject-by-subject level.
One limitation of this study is that pediatric neuroimaging assessments are very sensitive to subject motion and related imaging artifacts. Here, all rs-fMRI data were visually checked during processing and aligned to standard space. Registration parameters were screened as well to exclude subjects with excessive motion. Despite these precautions, factors such as acquisition artifacts, scanner noise, and minor differences in warping could still affect the results.
Two of the regions showing reduced connectivity in children with FAS/PFAS here, namely the R postcentral and precentral gyri, are not conventionally included in the anterior default mode and ventral attention networks, respectively. However, most rs-fMRI studies have been conducted in adults, and limited data are available in children. The R precentral gyrus has been shown to exhibit increased functional connectivity to a seed in the dorsal attention network in children compared to adults [Farrant and Uddin, 2015] , and significant connectivity has previously been reported between R postcentral gyrus and a seed in the DMN in at least one study with adults [Uddin et al., 2009] . Localized connectivity increases or decreases in children compared to adults [Farrant and Uddin, 2015] may alter independent component splitting [de Bie et al., 2012] , resulting in additional regions being included in networks.
One potential limitation of our analysis linking our findings regarding the effects of prenatal alcohol exposure on intranetwork functional connectivity to increases in MD observed in two separate but overlapping samples is the fact that only about 20 children overlapped between this rs-fMRI and each of the two previous DTI studies. However, given that RSFC and MD did not differ between the overlapping and nonoverlapping children in either the control or FAS/PFAS groups in either of the data sets (all Ps > 0.3), we do not believe that the functional connectivity reductions and MD increases on which our conclusions about potential structural-functional associations are based were driven primarily by the nonoverlapping group of subjects.
Although the four cortical regions showing connectivity differences here were all located superiorly, clusters were Regions showing functional connectivity reductions (blue) and MD increases (purple) in PAE children compared to controls overlaid on MNI152 template space, together with relevant WM tracts (green) and rs-fMRI networks (hot colors): (a) the R superior longitudinal fasciculus [Fan et al., 2016] connects regions of the DMN; (b) the R corticospinal tract [Fan et al., 2016] connects regions of the salience network; (c) the R superior longitudinal fasciculus [Fan et al., 2016] connects regions of the ventral attention network; (d) the L middle cerebellar peduncle [Fan et al., 2015] connects regions of the R executive control network. WM tracts were manually drawn using an FA-skeleton template (FMRIU58_FA-skeleton) well localized within network masks and met strict cluster size criteria for significance. The locations of these regions suggest that networks in children with prenatal alcohol exposure may be less extensive than in control children. Three of the four cortical regions were also on the right side of the brain, and the cerebellar region on the left. Although this may be related to the handedness of the children, differences in lateralization for different functional domains have been reported previously [Gotts et al., 2013] , with left hemisphere regions involved in leftlateralized functions showing a preference to interact with regions in the left hemisphere, compared to right hemisphere regions that interact more strongly with both hemispheres. Further studies are needed to investigate effects of prenatal alcohol exposure on functional lateralization.
CONCLUSIONS
This is the first study to use group ICA to evaluate the effect of prenatal alcohol exposure on multiple RSNs in FASD. The voxelwise group comparisons showed lower RSFC in five regions within five networks-anterior DMN, salience, ventral attention, dorsal attention, and R executive control-in children with FAS/PFAS compared to nonexposed or minimally exposed Ctls, three of which were also observed in nonsyndromal HE children. It is noteworthy that the resting-state networks altered in FASD relate to higher order cognitive control, affective regulation, and attention, whereas networks relating to more perceptually driven visual and somatosensory function did not appear to be affected. The findings of reduced connectivity in the attention and executive control networks are consistent with deficits in cognitive function that have been extensively documented in FASD. The reduced connectivity in salience and anterior DMN, two major networks that mediate social and affective information processing, underscore the need for additional FASD research in this relatively understudied domain. Visual inspection of the spatial locations of functional and structural connectivity group differences seen in this cohort suggest that the deficits in RSFC within the default mode, ventral attention, salience and R executive control networks could be related to WM deficits in specific tracts that provide intra-RSN connections. 
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